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A B S T R A C T   

A recent study have reported that pre-use of azelastine is associated with a decrease in COVID-19 positive test 
results among susceptible elderly people. Besides, it has been reported that antihistamine drugs could prevent 
viruses from entering cells. The purpose of this study is to investigate whether azelastine have antiviral activity 
against SARS-CoV-2 in vitro and the possible mechanism. Here, we discovered antihistamine azelastine has an 
affinity to ACE2 by cell membrane chromatography (CMC); Then we determined the equilibrium dissociation 
constant (KD) of azelastine-ACE2 as (2.58 ± 0.48) × 10− 7 M by surface plasmon resonance (SPR). The results of 
molecular docking showed that azelastine could form an obvious hydrogen bond with Lys353. The pseudovirus 
infection experiments showed that azelastine effectively inhibited viral entry (EC50 = 3.834 μM). Our work 
provides a new perspective for the screening method of drug repositioning for COVID-19, and an attractive and 
promising drug candidate for anti-SARS-CoV-2.   

1. Introduction 

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is a 
new type of coronavirus reported in 2019, which mainly spreads 
through respiratory droplets and close contact (Wiersinga et al., 2020). 
Its infection makes people suffer from coronavirus disease 2019 
(COVID-19), accompanied by fever, headache, mild chest pain, loss of 
smell, and shortness of breath (Yuce et al., 2021). The spike protein 
encoded by the viral genome has two subunits, of which S1 contains the 
receptor binding domain (RBD) that enables the virus to bind to its host 
target (Walls et al., 2020), human angiotensin-converting enzyme 2 
(ACE2). ACE2 is a cell surface metalloproteinase, primarily expressed in 
lung, heart, kidney, and intestine (Gheblawi et al., 2020). Attachment 
and entry of SARS-CoV2 requires the binding of the spike protein to the 
target receptor ACE2 (Zhao et al., 2020) on cell surface, which is the 
same as SARS-CoV infecting the host (Shang et al., 2020). However, the 
difference is that the binding affinity of the spike protein of SARS-CoV-2 
to ACE2 is much stronger than that of SARS-CoV (Gheblawi et al., 2020), 
so SARS-CoV-2 has an overwhelmingly high transmission rate. It was 
declared a pandemic by the world health organization (WHO) (Cuci
notta and Vanelli, 2020) and has so far caused more than 114 million 
cases and 2.5 million deaths in 192 countries and regions, according to 

the Johns Hopkins University COVID-19 dashboard. 
The SARS-CoV-2 has triggered a prolonged global health crisis and 

raised an alarm for the medical community all around the world. Now it 
has entered the second year of the global fight against the pandemic. 
However, there is currently no specific medicine to completely treat this 
infection. Although the advent of vaccines brings hope, it is still an 
extremely scarce resource. Therefore, for those infected and who cannot 
get vaccinated, specific medications for treatment are still essential. 
Unfortunately, in the year-long fight against the epidemic, there is still a 
lack of reliable specific medicines (Asselah et al., 2021). 

Faced with the problem of a long development cycle for de novo 
during the sudden pandemic, the strategy of drug repurposing can 
accelerate preclinical and partial clinical evaluations (Riva et al., 2020). 
It’s a feasible and rapid method to identify effective drugs to combat this 
sudden pandemic (Xu et al., 2020). H1-antihistamines can reduce 
allergic inflammation and are commonly used to treat allergic diseases 
(Thangam et al., 2018). In addition to the antihistamine effects, recent 
studies have described the potential of antihistamine drugs against the 
Ebola virus, Marburg virus (Schafer et al., 2018), and influenza viruses 
(Xu et al., 2018). Azelastine is an antihistamine and mast cell stabilizer 
used as nasal spray for hay fever and eye drops for allergic conjunctivitis 
(Castillo et al., 2015). A recent study have reported that pre-use of 
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azelastine is associated with a decrease in COVID-19 positive test results 
among susceptible elderly people (Reznikov et al., 2021). Considering 
that the SARS-CoV-2 can infect the host through ACE2 expressed in the 
respiratory tract and eyes (Zhou et al., 2020), and the administration 
sites of azelastine are nasal cavity and conjunctiva, therefore we spec
ulate that azelastine may act on ACE2 and inhibit the entry of the virus. 

In this study, we evaluated the antiviral effect of azelastine and its 
possible mechanisms. First, we used cell membrane chromatography 
(CMC) to screen and identify azelastine; its affinity to ACE2 was deter
mined by surface plasmon resonance (SPR); further molecular docking 
experiments were performed to simulate the interaction site of azelas
tine and ACE2. Finally, we confirmed the effectiveness of azelastine in 
inhibiting SARS-CoV-2 through pseudovirus infection experiments. Here 
we verified the activity of azelastine against SARS-CoV-2. By binding to 
ACE2, azelastine interferes with the interaction between spike protein 
and ACE2 and reduces the infection of SARS-CoV-2, which is a prom
ising virus entry inhibitor. 

2. Material and methods 

2.1. Drugs and reagents 

Azelastine was purchased from TargetMol (Boston, USA). Dulbecco’s 
Modification of Eagle’s Medium (DMEM) with high glucose (Cat. No. 
SH30022.01), and fetal bovine serum (FBS) (Cat. No. 16140071) were 
from HyClone (Logan, UT, USA). Penicillin–streptomycin solution was 
obtained from Xi’an Hat Biotechnology Co., Ltd (Xi’an, China). Puro
mycin was purchased from Meilunbio (Dalian, China). Cell Counting Kit 
was purchased from 7 Sea Biotech (Shanghai, China). SARS-CoV-2 spike 
pseudovirus (PSC001) was purchased from Sino Biological (Beijing, 
China). Luciferase assay system was purchased from Proemga Biotech 
(Madison, USA). 

2.2. Cell lines 

ACE2-overexpressing HEK293T cell (ACE2h) line was constructed by 
Genomeditech (Shanghai, China). ACE2h cells were cultured in DMEM 
supplemented with 10% FBS, 100 U/mL penicillin, 100 μg/mL strep
tomycin, and 4 μg/mL puromycin, at 37 ◦C and 5% CO2. 

2.3. Western blotting 

Total protein in ACE2h cells was extracted on ice for 30 min using 
RIPA lysis buffer containing 10% protease inhibitor and a phosphatase 
inhibitor cocktail (Roche Diagnostics). The protein in cell lysates was 
denatured by boiling the samples with a 5 × loading buffer (Hat 
Biotechnology, Xi’an, China) for 5 min. Equal amounts of protein were 
separated on a 10% gel using SDS-PAGE (Hat Biotechnology, Xi’an, 
China). The separated proteins were transferred onto polyvinylidene 
fluoride membranes and blocked by constant stirring with 5% non-fat 
milk in Tris-buffered saline containing Tween-20 for 2 h at room tem
perature. Then the membranes were incubated overnight at 4 ◦C with 
the following primary antibodies: anti-GAPDH (1:2000, a#2118, CST), 
and anti-ACE2 (1:500, EPR4435, Abcam). The membranes were washed 
five times with TBST every 10 min followed by incubation with sec
ondary antibodies at a dilution of 1:20,000 in TBST for 1 h, at 37 ◦C. The 
membranes were washed five times with TBST and developed using an 
ECL kit. ChemiDoc MP (Bio-Rad, California, USA) was used to image 
protein blot and Image-Pro 5.1 software (Media Cybernetics, Inc., 
Rockville, MD, USA) was used to quantify the protein levels. 

2.4. ACE2h/cell membrane chromatography (ACE2h/CMC) 

CMC is an affinity chromatography with dual characteristics of bio
metric and chromatography, which can mimic the binding of drug and 
receptor in vivo (Han et al., 2018). ACE2h/CMC columns (n = 3) were 

prepared with ACE2h cells following the published protocol (Hou et al., 
2009). The CMC analysis was performed via LC-30A (Shimadzu, Japan). 
Azelastine was dissolved with methanol and then injected into the 
ACE2h/CMC column. ACE2h/CMC column was 10.0 mm × 2.0 mm; the 
flow rate was 0.2 mL/min; column temperature was 37 ◦C; the mobile 
phase was 2 mM phosphate-buffer saline (pH 7.4); detection wavelength 
was 284 nm. Only compounds with ACE2 affinity can be retained on the 
column, characterized by a long retention time. 

2.5. Surface plasmon resonance (SPR) analysis 

SPR assay was performed to detect the affinity of azelastine with 
ACE2 by using Open SPRTM (Nicoya, waterloo, Canada). To prime the 
sensor surface and charge the nitrilotriacetic acid (NTA) with Ni2+, 200 
μL of 200 mM imidazole and 40 mM NiCl2 were injected onto the chip 
surface sequentially. ACE2 protein with a 6-his tag (20 μg/mL) was 
loaded onto and captured by the sensor chips coated in NTA (Nicoya, 
waterloo canada). At a flow rate of 20 μL/min, series concentrations of 
azelastine were injected into the system after the baseline was stabilized. 
The one-to-one diffusion-corrected model was fitted to the wavelength 
shifts corresponding to the series of drug concentrations and the 
experimental data was processed through TraceDrawer to calculate KD 
values. 

2.6. Molecular docking 

Molecular docking were carried out with SYBYL-X 2.0 (Tripos, St. 
Louis, USA) to investigate the interactions between azelastine and ACE2. 
The X-ray crystal structure of SARS-CoV-2 spike RBD bound with ACE2 
(PDB code: 6LZG) was prepared by removing water, adding hydrogen, 
and extracting ligand. The force field was AMBER7 FF99 and performed 
the stage minimization of protein. Azelastine was added to the force 
field of tripos, assigned charge type of Gasteiger-Huckel, and performed 
energy minimization. 

2.7. Cytotoxicity assay 

The cytotoxicity test for azelastine was based on the cell viability 
after cells were treated with various concentrations of azelastine, and 
was determined by CCK8 method. 5 × 103 of ACE2h cells were seeded 
into 96-well microplates and incubated for 24 h under standard condi
tions (37 ◦C and 5% CO2). Then the medium was replaced with 100 μL 
serum-free DMEM or DMEM containing azelastine at concentrations of 
0.1, 0.5, 5, 10, 20, 50, 100, and 200 μM. Cells were allowed to grow for 
an additional 24 h before measurement. 10 μL of CCK8 solution was 
added in each well and treated for 1.5 h at 37 ◦C. The optical density of 
samples at 450 nm (OD450) was measured using a microplate reader 
(Bio-Rad, USA). At least three independent experiments were per
formed. The survival rate of ACE2h cells was calculated using the 
following formula: 

Survival ​ rate=
[ (ODTreated − ODBlank)]

[ (ODControl − ODBlank)]
× 100%  

2.8. Pseudovirus infection assay 

5 × 104 of ACE2h cells seeded into white opaque 96-well microplates 
were cultured at 37 ◦C in an incubator containing 5% CO2 until cells 
were adherent. Then the culture medium was aspirated and 100 μL 
DMEM containing the corresponding dose of azelastine was added and 
incubated for 2 h. Next, 5 μL of pseudovirus (104.4 TCID50/mL, 860 ng 
SARS-CoV-2 spike S1 protein/mL) was added to each well and incubated 
in a 37 ◦C incubator for 8 h of infection. The culture medium containing 
the pseudovirus was aspired and replaced by 200 μL of fresh DMEM and 
incubated continuously at 37 ◦C for 48 h. As for the determination, the 
medium was removed and 20 μL of lysis reagent was added in each well, 
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and then 100 μL of luminescence solution was added. The light produced 
was detected by FlexStation 3 in a luminescence mode at 560 nm, with 
an exposure time of 1 s. 

2.9. Statistical analysis 

The data were analyzed using GraphPad Prism Software 8.0 
(GraphPad Software, Inc., San Diego, CA, USA) and presented as the 
mean ± standard error of the mean (S.D.). Significant differences were 
determined by one-way ANOVA and Dunnett’s test. Two-tailed unpaired 
Student’s t-test was used for two-group comparisons. Differences were 
deemed statistically significant at P < 0.05 (*P < 0.05, **P < 0.01, ***P 
< 0.001). 

3. Results 

3.1. ACE2h/cell membrane chromatography 

Considering that ACE2 is a transmembrane protein that is located on 
the cell membrane to form a specific spatial configuration, so it is 
necessary to investigate the binding of ACE2 in the form of membrane 
protein with azelastine. Cell chromatography is a technique for studying 
ligand-membrane protein interaction, which can be used to verify the 
biological affinity of azelastine to ACE2. The expression level of ACE2 
protein in ACE2h cells is significantly higher than that in NC-HEK293T 
cells (Fig. 1A), which ensures the specificity of CMC to recognize li
gands. As can be seen from Fig. 1B that azelastine was retained on the 
ACE2h/CMC column, and its retention time is 44.49 min. The retention 
time of azelastine on the ACE2 column is much longer than the solvent 
peak’s. In the NC-HEK293T group, azelastine passed directly through 
the column with the solvent, indicating that the non-specific binding of 
azelastine on the column is slight. This result means azelastine has a 
strong affinity to ACE2. 

3.2. The binding character of azelastine with ACE2 

Now that we know that azelastine has an affinity for ACE2, it is 
necessary to test its binding force. Thus, SPR with recombined ACE2 
protein was performed to verify the actual binding of azelastine to ACE2 
protein. Azelastine brought about a concentration-dependent resonance 
change when flowing through the sensor chip coated with ACE2, indi
cating the direct binding of azelastine to ACE2 (Fig. 1C). The KD value 
was calculated by fitting the kinetic data at various concentrations of 
azelastine and recorded as (2.58 ± 0.48) × 10− 7 M, demonstrating a 
moderately strong binding between azelastine and immobilized ACE2. 

3.3. Molecular docking conformation and interaction of azelastine with 
ACE2 

Computer simulation of small molecule-protein binding prediction is 
feasible since structures of both ACE2 and S protein RBD have been 
parsed. Therefore, molecular docking was carried out to investigate 
whether azelastine could interact with the active sites of ACE2 protein. 
As shown in Fig. 2A, there were three important residuals in the region 
where azelastine was binding to the ACE2 protein (within 5 Å): His34, 
Glu37, and Lys353. Azelastine’s carbonyl and Lys353’s amino formed a 
hydrogen bond. Besides, Fig. 2B showed that azelastine’s chlorobenzene 
fits into the active binding pocket of ACE2, which indicates the good 
interaction between azelastine and ACE2. 

3.4. The effect of azelastine on ACE2h cells viability 

Cytotoxicity assay of azelastine at the concentrations ranged 0–200 
μM was performed to determine the maximum concentration of aze
lastine that was no-toxic to cells. As shown in Fig. 3A, the cytotoxicity 
was markedly increased following the up-regulation of azelastine con
centration(>50 μM). At concentrations of 50, 100, and 200 μM, the vi
tality of ACE2h cells was 69.67 ± 2.91%, 42.33 ± 0.89%, 0.67 ± 0.33%. 
However, azelastine at 20 μM or lower concentrations showed little ef
fect on cell viability. When concentration was 20 μM, cell viability re
mains 85.33 ± 6.88%. 

3.5. Azelastine suppress the entry of SARS-cov-2 spike pseudovirus into 
ACE2h cells 

Pseudovirus infection tests were performed to detect the effect of 
azelastine on the viropexis of SARS-CoV-2. In the control group, ACE2h 

cells were treated with the only solvent. As can be seen from Fig. 3B, the 
percentage of cells infected by SARS-CoV-2 spike pseudovirus was 
reduced significantly under the treatment of azelastine in a 
concentration-dependent way. There is no effect on viropexis using 0.1 
μM azelastine. However, when the concentration raised to 0.5 μM, it 
began to display a significant difference compared to the control group, 
reducing the luciferase activity to 83.07 ± 1.16%. The inhibition is 
concentration-dependent with an EC50 of 3.834 μM of azelastine in the 
SARS-CoV-2 pseudovirus model (Fig. 3C). However, azelastine has sig
nificant cytotoxicity to ACE2h cells at high concentrations (>50 μM), 
and its CC50 is 84.140 μM (Fig. 3C). The selective index (SI), which was 
determined as the ratio of CC50 versus EC50 for azelastine is 21.95. 

4. Discussion 

Given the ongoing pandemic, there is an urgent need for specific 
drugs to prevent and treat SARS-CoV-2 infection. Although considerable 

Fig. 1. The binding character of azelastine with ACE2. (A)The protein expression level of NC-HKE293T and ACE2h. (B) The chromatogram of azelastine on the 
HEK293T/CMC and ACE2h/CMC model. (C) Binding response curves and KD of azelastine to ACE2 protein by SPR. Experiments were repeated three times. 
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research efforts have been devoted to drug repurposing, such as 
remdesivir, hydroxychloroquine, and lopinavir, it has been proved that 
they have little or no effect on hospitalized patients with Covid-19 
(Consortium et al., 2021). Therefore, it is necessary to expand the 
scope of screening and continue to search for effective drugs. Consid
ering that the antiviral effects of histamine receptor antagonists have 
been reported in recent years, and there is a partial overlap of antihis
tamine drugs and coronavirus’s targets, we speculated that antihista
mine drugs may have potential anti-SARS-CoV-2 effects. In this study, 
CMC with biological recognition characteristics was used to screen 
histamine H1 receptor antagonists, and we found that azelastine has an 
affinity for the viral therapeutic target ACE2. Subsequently, SPR and 
molecular docking were used to determine its binding force and binding 
site to ACE2. Finally, pseudovirus inhibition tests confirmed that aze
lastine can effectively inhibit the virus from entering cells. 

The completion of the analysis of the crystal structure of the viral 
protein has facilitated the virtual screening of thousands of FDA- 
approved drugs for COVID-19. Although the virtual screening based 
on computer simulation can screen a large number of drugs quickly at a 
low cost, the actual hit rate of traditional methods is generally low. Cell 
membrane chromatography uses cell membrane protein receptors as a 
stationary phase to simulate drug-receptor interactions and can specif
ically identify target compounds in complex systems. Using this tech
nology, the interaction properties of many receptor agonists and 
inhibitors have been discovered (Ma et al., 2021). ACE2 has been 
confirmed as the receptor for SARS-CoV-2 and a promising therapeutic 
target (Michaud et al., 2020). In our study, cell membrane chromatog
raphy was used to identify compounds that directly act on ACE2, 
exclude non-binding drugs, and improves the efficiency of high 
through-put screening. The results showed that azelastine has a high 
affinity with ACE2 (KD = 2.58 × 10− 7 M), and forms a hydrogen bond 
with Lys353 of ACE2. It was worth noting that Lys353 was identified as 
one of the two virus binding hotspots on ACE2, which hides in a hy
drophobic environment and provides a lot of energy for virus-receptor 

binding interactions (Sehailia and Chemat, 2020). The combination of 
azelastine weakens the hydrophobic network around the hot spot 
Lys353 and prevents the binding of Gly496, Gly502, and Tyr505 of the S 
protein (Rezaei et al., 2020), resulting in its inability to effectively 
support SARS-CoV-2 infection. 

Previous studies have reported that histamine H1 receptor antago
nists doxepin and desloratadine can inhibit the entry of viruses by 
binding to ACE2 Ge et al. (2021); (Hou et al., 2021). Surprisingly, we 
found that azelastine exhibits a stronger inhibitory effect at low con
centrations, and it was statistically significant in reducing virus infection 
at a concentration of 0.5 μM in vitro. It should be mentioned that recent 
studies have shown that azelastine can also bind to the main protease of 
SARS-CoV-2 (Odhar et al., 2020) and the sigma-1 receptor (Reznikov 
et al., 2021) through molecular docking. Thus it was speculated that 
azelastine has a potential inhibitory effect on the replication of 
SARS-CoV-2. On the other hand, the SARS-CoV-2 can activate mast cells 
(Theoharides, 2020) to cause the early release of histamine and activate 
the late release of IL-1 from macrophages (Conti et al., 2020). As a H1 
receptor antagonist, azelastine is expected to reduce the cytokine storm 
by inhibiting histamine. Azelastine not only has antiviral activity, but 
also has anti-inflammatory activity. Therefore, we believe that it is an 
attractive compound that is conducive to the repurposing of COVID-19 
drugs. 

In the pseudovirus infection test, the luciferase activity was deter
mined by luciferase assay, and the cells viability during the incubation 
process is crucial for it. To avoid false-positive results caused by cyto
toxicity, we tested the cytotoxicity of azelastine to ACE2h at all experi
mental concentrations. It was significant cytotoxic to ACE2h cells at high 
concentrations (>50 μM). This result indicated that the reduction of 
infection rate mediated by the high concentration of azelastine has the 
interference of cytotoxicity. However, at low concentrations, azelastine 
could effectively inhibit virus entry into cells without cytotoxicity, 
which proved the reliability of the results. Subsequently, the EC50 of 
azelastine was determined to be 3.834 μM, which was much lower than 

Fig. 2. Molecular docking identifies possible binding pockets for azelastine in ACE2. (A) Structures of azelastine. (B) Docked pose of azelastine at ACE2 protein 
(inset: conformation of azelastine showing important interaction with the receptor at the active site). Active residues involved in binding are displayed as sticks in 
purple, with hydrogen bonds shown as yellow dashed lines. (C) Surface representation of the best ranked docking pose of azelastine in ACE2 binding pocket. 

Fig. 3. Inhibiton of SARS-CoV-2 by azelastine. (A) Cell viability after incubation of ACE2h cells with azelastine for 24 h. (B) The entance of SARS-CoV-2 spike 
pseudovirus into ACE2h cells after treated with different concentration azelastine. (C) Inhibition analysis of SARS-CoV-2 spike pseudovirus by different concentration 
of azelastine. The left and right Y-axis of the graphs represent the mean percentage of inhibition of virus viropexis and cytotoxicity of the ACE2h cells, respectively. 
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the CC50 (84.140 μM). The selectivity index of 21.95, indicating that 
azelastine has a wide safety range. 

Azelastine is a third-generation antihistamine, which has been 
shown to be efficacious with few adverse events including no clinically 
relevant cytochrome P450 mediated metabolic-based drug-drug in
teractions or QT interval prolongation/cardiac dysrhythmias (Ten Eick 
et al., 2001). In acute toxicity study, the median lethal dose of oral 
azelastine in rats is 580 mg/kg; In the subacute toxicity study, the 
minimum toxic dose was found to be 30 mg/kg and symptoms of 
depression of the central nervous system were recognized in the 100 
mg/kg group. However, rats administered at oral doses of 10 mg/kg for 
5 consecutive weeks were free of particular drug effects, which has 
proved that azelastine is a substance of, in general, good tolerance 
(Nakao et al., 1981). The azelastine concentrations used in this study 
effectively inhibiting viropexis of SARS-CoV-2 spike pseudovirus are far 
below the minimum toxic dose. The recommended oral dosage of aze
lastine for prophylaxis and maintenance therapy with bronchial asthma 
is 4 mg twice daily (McTavish and Sorkin, 1989). Although azelastine 
has been widely used in clinical practice, it is still unclear whether the 
conventional dosage of azelastine is suitable for antiviral therapy. 
Therefore, we still need to cautiously carry out further research and use 
authentic SARS-CoV-2 and animal models for verification in vivo. 

As SARS-CoV-2 is a highly infectious and high-risk virus, its culti
vation and animal infection experiments must be carried out in a 
biosafety level-3 (BSL-3). Although only in vitro tests were performed in 
the current study, we tried our best to use existing materials and 
methods to provide insights. In addition, our research team has screened 
and reported a series of FDA-approved drugs with potential anti-SARS- 
CoV-2 activity, such as antipsychotic drugs (Lu et al., 2021), antihista
mine drugs Ge et al. (2021); (Hou et al., 2021), glucocorticoids (Zhang 
et al., 2021), and active ingredients of Chinese medicine Gao et al. 
(2021); Hu et al. (2021); (Lv et al., 2021). Besides. 

5. Conclusions 

We found that the antihistamine azelastine can inhibit the entry of 
pseudoviruses into cells in vitro in combination with ACE2. Azelastine is 
expected to become a valuable dual-target clinical candidate drug for 
inhibiting the virus and alleviating the inflammation of COVID-19. At 
the same time, azelastine can also be modified as a lead compound to 
develop more effective anti-SARS-CoV-2 drugs. We hope our work can 
provide reasonable help for the drug repurposing for COVID-19 
treatment. 
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